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ABSTRACT
We present a new cosmological zoom-in simulation, where the zoom region consists of two halos with virial
mass Mv ∼ 5× 1012M and a ∼ Mpc long cosmic filament connecting them at z ∼ 2. Using this simulation,
we study the evolution of the intergalactic medium in between these two halos at unprecedented resolution. At
5 >∼ z >∼ 3, the two halos are found to lie in a large intergalactic sheet, or “pancake”, consisting of multiple co-
planar dense filaments along which nearly all halos with Mv > 109M are located. This sheet collapses at z∼ 5
from the merger of two smaller sheets. The strong shock generated by this merger leads to thermal instabilities
in the post-shock region, and to a shattering of the sheet resulting in <∼ kpc scale clouds with temperatures of
T >∼ 2×104 K and densities of n >∼ 10−3 cm−3, which are pressure confined in a hot medium with T ∼ 106 K and
n >∼ 10−5 cm−3. When the sheet is viewed face on, these cold clouds have neutral hydrogen column densities
of NHI > 1017.2 cm−2, making them detectable as Lyman limit systems, though they lie well outside the virial
radius of any halo and even well outside the dense filaments. Their chemical composition is pristine, having
zero metalicity, similar to several recently observed systems. Since these systems form far from any galaxies,
these results are robust to galaxy formation physics, resulting purely from the collapse of large scale structure
and radiative cooling, provided sufficient spatial resolution is available.
Keywords: hydrodynamics — instabilities — methods: numerical — cosmology: large-scale structure of uni-
verse — intergalactic medium — quasars: absorption lines
1. INTRODUCTION
Only a small fraction of the Universe’s baryons and metals
belong to galaxies (e.g. Tumlinson, Peeples & Werk 2017;
Wechsler & Tinker 2018). The rest reside in the circum-
galactic medium (CGM), the space outside galaxies but within
their host dark matter halo, and the intergalactic medium
(IGM), the space in between dark matter halos. Both of these
baryonic reservoirs are intimately linked to galaxy evolution
through cycles of gas accretion, star-formation, galactic out-
flows, and eventual re-accretion (e.g. Putman, Peek & Joung
2012; McQuinn 2016; Tumlinson, Peeples & Werk 2017).
Thus, the physical properties and chemical composition of the
IGM and CGM offer valuable insight into processes related to
galaxy formation and evolution.
In recent decades, the low density gas in the IGM and
CGM has been probed using absorption line spectroscopy
along lines of sight to distant QSOs or galaxies (e.g. Lynds
1971; Hennawi et al. 2006; Steidel et al. 2010). Interven-
ing gas clouds with low neutral hydrogen column densities,
NHI <∼ 1015 cm−2, are understood to reside in the IGM and
comprise the Lyman-α Forest, hereafter LyAF. This gas is
thought to trace fluctuations in the underlying dark matter dis-
tribution which are still in the linear regime, making diagnos-
tics of the LyAF a powerful tool to constrain cosmology (see
Rauch 1998 and McQuinn 2016 for reviews). Clouds with
high column densities, NHI > 1017.2 cm−2, are optically thick
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bluewards of the Lyman limit, λ < 912Å, and are referred
to as Lyman Limit Systems (LLSs). At redshifts 2 <∼ z <∼ 5,
LLSs exhibit a broad distribution of metalicities. The bulk of
the population has Z ∼ 10−2Z, while a handful of systems
have Z < 10−3Z (Fumagalli, O’Meara & Prochaska 2016;
Lehner et al. 2016; Robert et al. 2019).
LLSs, particularly those with Z > 10−3Z, are commonly
thought to reside in the CGM rather than the IGM (Sar-
gent, Steidel & Boksenberg 1989; Fumagalli, O’Meara &
Prochaska 2016; Lehner et al. 2016). However, the recent
discovery of several LLSs with Z < 10−3.4Z as well as po-
tentially pristine LLSs at 3 < z < 5 has led some to ques-
tion whether these may represent a separate population orig-
inating in the IGM (Fumagalli, O’Meara & Prochaska 2011;
Crighton, O’Meara & Murphy 2016; Robert et al. 2019). A
single PopIII supernova would pollute gas to higher metalic-
ity values (Wise et al. 2012; Crighton, O’Meara & Murphy
2016), and simulations of structure formation which include
PopIII star formation suggest that such low metalicities exist
only in isolated low-density patches of the IGM (e.g. Torna-
tore, Ferrara & Schneider 2007; Wise et al. 2012). Alterna-
tively, pristine LLSs may originate in cold accretion streams
feeding massive galaxies from the IGM (Dekel et al. 2009;
Fumagalli et al. 2011; Faucher-Giguère & Kereš 2011; van
de Voort et al. 2012). While cosmological simulations sug-
gest that the typical metalicity in such streams is >∼ 10−3Z
at z < 5 (van de Voort & Schaye 2012; Ceverino et al. 2015;
Mandelker et al. 2018), lower metalicity clouds may still be
present. However, it has also been suggested that the evo-
lution of the number of LLSs per unit redshift at z > 3.5 is
inconsistent with a contribution from the CGM alone, indi-
cating a growing contribution of LLSs in the IGM above this
redshift (Fumagalli et al. 2013). All in all, the origin of ex-
tremely metal-poor Lyman limit systems in the IGM is not yet
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2 SHATTERING OF COSMIC SHEETS
understood.
It is notoriously difficult to study the detailed properties
of gas in the IGM and CGM with cosmological simulations.
The resolution in most state-of-the-art simulations is adap-
tive in a quasi-Lagrangian sense, such that the effective mass
resolution is fixed. Consequently, the spatial resolution be-
comes very poor in the low density CGM and even worse
in the IGM (Nelson et al. 2016), orders of magnitude larger
than the cooling length of T ∼ 104 K gas, lcool = cstcool ∼
100pc (n/10−3 cm−3)−1, where cs is the sound speed and tcool is
the cooling time (McCourt et al. 2018, hereafter M18; Sparre,
Pfrommer & Vogelsberger 2019). While several groups have
recently introduced different methods to better resolve the
CGM (Hummels et al. 2018; Corlies et al. 2018; Peeples et al.
2019; Suresh et al. 2019; van de Voort et al. 2019), we are
unaware of similar attempts to better resolve the IGM.
In this letter, we introduce a new cosmological simulation
where we zoom-in on a large region of the IGM in between
two massive galaxies at z ∼ 2.3, with a comoving separation
of ∼ 3Mpc/h. This is the highest resolution simulation of
such a large patch of the IGM to date. Using this simula-
tion, we investigate the evolution of the IGM and show how
thermal instabilities triggered by shocks during the collapse
of large-scale structure can lead to the formation of pristine
LLSs, far from any galaxies. The simulation is described
in §2. In §3 we present our results, and we conclude in
§4. Throughout, we assume a flat ΛCDM cosmology with
Ωm = 1−ΩΛ = 0.3089, Ωb = 0.0486, h = 0.6774, σ8 = 0.8159,
and ns = 0.9667 (Planck Collaboration et al. 2016).
2. SIMULATION METHOD
We perform simulations using the quasi-Lagrangian
moving-mesh code AREPO (Springel 2010). To select our
target halos, we first consider the 200 most massive halos at
z ∼ 2.3 in the Illustris TNG1005 magnetohydrodynamic cos-
mological simulation (Pillepich et al. 2018a; Nelson et al.
2018; Springel et al. 2018). These span a mass range of
Mv ∼ (0.7 − 27)× 1012M/h, where Mv is the virial mass
defined using the Bryan & Norman (1998) spherical over-
density. We then select all pairwise combinations of them
with a comoving distance in the range (2.5−4.0)Mpc/h, find-
ing 48 such halo pairs. Visual inspection revealed each such
halo pair to be directly connected by a dark matter cosmic
web filament, with comparable radius to the halo virial radii.
One such pair was randomly chosen for resimulation, con-
sisting of two halos with Mv ∼ 3.4× 1012M/h each, sepa-
rated by a proper distance of D ∼ 0.8Mpc/h. At z = 0, the
two halos have masses Mv ∼ (1.1−1.3)×1013M/h and are
∼ 1.8Mpc/h apart, so their comoving distance has decreased
by <∼ 30%.
We define Rref = 1.5×Rv,max ∼ 163kpc/h, with Rv,max the
larger of the two virial radii at z = 2.3. The zoom-in region is
the union of a cylinder with radius Rref and length D extend-
ing between the two halo centers, and two spheres of radius
Rref centred on either halo. We trace all dark matter particles
within this volume back to the initial conditions of the simu-
lation, at z = 127, refine the corresponding Lagrangian region
to higher resolution, and rerun the simulation to z = 2, when
the region of interest by construction becomes contaminated
by low resolution material from outside the refinement region.
5 http://www.tng-project.org
The simulations were performed with the same physics model
used in the TNG100 simulation, described in detail in Wein-
berger et al. (2017) and Pillepich et al. (2018b). We briefly
summarize below the implementation of the ionizing radia-
tion field and of cooling, which are most relevant to our cur-
rent work.
We follow the production and evolution of nine elements
(H, He, C, N, O, Ne, Mg, Si, and Fe). These are produced
in supernovae Type Ia and Type II and in AGB stars accord-
ing to tabulated mass and metal yields. Metal line cooling
is included using pre-calculated values as a function of den-
sity, temperature, metalicity and redshift, with corrections
for self-shielding (Wiersma, Schaye & Smith 2009). The
metal enriched gas radiatively cools in the presence of a spa-
tially uniform but redshift dependent ionizing UV background
(UVB; Faucher-Giguère et al. 2009), which is instantaneously
switched on at z = 6. To minimize any potential influence of
this instantaneous switching on of the UVB, we limit our cur-
rent analysis to z ≤ 5. Cooling is further modulated by the
radiation field of nearby active galactic nuclei (AGN) by su-
perimposing the UVB with the AGN radiation field (Vogels-
berger et al. 2013).
We performed five simulations with different resolution
within the refinement region. A detailed convergence study
will be presented in an upcoming paper (Mandelker et al.,
in prep.). In the current letter we focus on our highest res-
olution simulation, which has a dark matter particle mass of
mdm = 8.2× 104 M and a Plummer-equivalent gravitational
softening of dm = 250pc comoving. Gas cells are refined such
that their mass is within a factor of 2 of mgas = 1.5×104M,
and have a minimal gravitational softening gas = 0.5dm. We
compare this to a simulation with comparable resolution to
TNG100, having mdm = 5.3× 106M, mgas = 1.0× 106M,
and dm = 2gas = 1000pc comoving.
3. RESULTS
In Fig. 1 we show the evolution of the large scale structure
surrounding our system, at z∼ 5, 4, and 3. The left and center
columns show the total hydrogen column density, NH, in two
orthogonal projections, with the intergalactic sheet contain-
ing the two halos shown edge-on and face-on, respectively.
At z > 5 the system actually consists of two sheets initially
inclined to one another, marked by dashed lines in panel A.
These merge at z∼ 5, with only a single sheet visible in pan-
els D and G. The sheet contains several prominent coplanar
filaments, with end-points at either of the two main halos and
along which lie nearly all halos with Mv > 109M. Most of
these filaments merge at z < 3, leaving behind the single gi-
ant filament selected at z = 2.3. The beginning of this merger
is visible in panel H. We note that the configuration of our
system at z∼ 3 is remarkably similar to a system recently ob-
served at z∼ 3.2 with MUSE (Lusso et al. 2019).
Following the sheet collision at z ∼ 5, several regions be-
tween the filaments in the post-merger sheet develop a granu-
lar morphology. As the merging sheets were initially inclined,
the collision and resulting granular structure propagate from
left-to-right in Fig. 1, as can be seen by comparing panels B
and E. In panels B, E, and H we highlight such granular re-
gions, denoted C, F, and I, selected to contain no halos with
Mv > 109M and to not intersect any filaments. In the right-
hand column we show the neutral hydrogen column density,
NHI, within these regions. The granular structure is even more
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Figure 1. The simulation zoom region at z∼ 5 (top), z∼ 4 (middle) and z∼ 3 (bottom). The left and center columns show the large scale structure surrounding
the two main halos, which lie in a cosmic sheet shown edge-on and face-on in the left and center columns, respectively. The color scale indicates the total
hydrogen column density, NH, integrated over ±400 ckpc/h. Black circles mark dark matter halos with virial mass Mv > 109M, while their sizes denote Rv.
Nearly all these halos lie along dense filaments within the sheet. The right column zooms in on the IGM regions marked with black rectangles in the centre
column, and shows the neutral Hydrogen column density, NHI, integrated over ±30 pkpc at z∼ 5 and z∼ 4, and ±60 pkpc at z∼ 3, roughly where the vertical
gas density profile reaches the universal mean. Note the different spatial units in these panels. Black, blue, and green circles mark halos with Mv > 109M,
109 > Mv > 108M, and 108 > Mv > 107M respectively, their sizes denoting Rv. A collision between two initially inclined sheets at z ∼ 5 (dashed lines in
panel A), produces a strong shock which leads to thermal instability in the post-shock region within the merged sheet. This causes the sheet to “shatter” and
produces a multiphase medium.
Figure 2. Left and center: Temperature map of the system at z = 4, in the same frame as panels D and E in Fig. 1. We show the density-weighted average
temperature along the line of sight, integrated over ±400 ckpc/h. The accretion shock at the sheet edge is clearly visible in the edge-on view. In the face-on
view, the filaments appear cold while the sheet regions have a multiphase structure with hot and cold regions owing to thermal instability. Right: Metalicity map
in the same frame as the center panel. The filaments are enriched to Z >∼ 10−2Z, while the sheet regions retain Z < 10−3Z.
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Figure 3. Phase diagrams for the gas at z = 4 in region F from Fig. 1. The left and center panels show the mass- and volume-weighted distributions, respectively.
The total mass and total volume are listed in each panel. The color represents a normalized probability density, such that the integral of P(x,y)dxdy over the
full range of parameter space equals unity, where x = log(nH) and y = log(T ). Diagonal lines show constant thermal pressure, from Pth/kB = 0.1− 1000 K cm−3,
as marked. The adiabat of the pre-shock gas is visible at low densities and low temperatures. Following the shock, the gas concentrates along an isobar with
Pth ∼ 50 K cm−3. Two phases are clearly visible, with most of the mass/volume having (nH,T ) ∼ (10−3 cm−3,104.5 K)/(10−4.5 cm−3,106 K). The right panel
shows the cooling length, lcool = cstcool, for gas in the same region, considering only gas undergoing net cooling. The total mass of the cooling gas is listed. The
cooling length in the post-shock gas with T ∼ 2×105 is lcool ∼ 10kpc, while in the cold phase it is ∼ 1kpc.
Figure 4. Shattering of the sheet due to thermal instability. We show an infinitesimally thin slice of the gas density near the midplane of the sheet at z = 4, in
region F (as in Fig. 3). The left panel shows our highest resolution simulation, while the right panel shows a simulation with comparable resolution to TNG100.
The typical cell size is ∼ 800pc in the former and ∼ 4kpc in the latter. The cooling length in the post-shock medium, with T >∼ 105 K and nH <∼ 10−3 cm−3, is
lcool ∼ 10kpc. This is well resolved in our high resolution simulation which allows the shattering process to begin, but not in TNG100 which is why the resulting
density distribution is much smoother, and in particular no LLSs are produced.
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Figure 5. Covering fraction of pristine Lyα absorbers as a function of NHI
in regions C, F, and I from Fig. 1, corresponding to z∼ 5, 4, and 3 and shown
in red, black, and blue respectively. Solid lines show our high-resolution sim-
ulation while dashed lines show a simulation with TNG100 resolution. The
y-axis shows the fraction of surface area with NHI greater than the value on
the x-axis due to pristine gas cells with Z < 10−4 Z in low density regions
with ρdm < 5ρdm, with ρdm the mean matter density at the corresponding red-
shift. The vertical dotted line marks the LLS threshold. In our high resolution
simulation, the covering fractions of pristine LLS are∼ 0.005, 0.01, and 0.35
at z ∼ 3, 4, and 5, respectively. In the simulation with TNG100 resolution,
the covering fractions are ∼ 4×10−4, 4×10−4, and 0.05, respectively.
prominent in NHI, with many regions being classified as LLSs,
NHI > 1017.2 cm−2. Importantly, these regions do not coincide
with the locations of dark matter halos, or with fluctuations in
the dark matter distribution which is smooth in these regions.
We examined several similar regions within the sheet in each
snapshot, also marked in panels B, E, and H, and found the
gas properties to be very similar in all regions within the post-
merger sheet.
As we argue below, this granular morphology seems to be
triggered by nonlinear thermal instabilities within the post-
shock sheet. Based on the model presented in M18, nonlinear
thermal instabilities in a rapidly cooling medium cause the
medium to “shatter”, forming dense cloudlets with T >∼ 104 K
in pressure equilibrium with a more tenuous, hot background.
The size of these cloudlets is set by the local cooling length,
lcool = cstcool. This procedure is hierarchical, in the sense that
as the gas cools, lcool decreases, causing existing cloudlets to
shatter into even smaller cloudlets. We note that there are sev-
eral differences between our system and the idealized study of
M18. Firstly, the gas in our system is photo-heated by the UV
background, while M18 considered a purely cooling system
in collisional-ionization equilibrium. Second, in M18 the ex-
ternal pressure is set by the thermal pressure in the hot back-
ground, where the cooling time is assumed to be much longer
than the shattering timescale in the cooling medium, while in
our case it is set by the ram pressure of the infalling material,
as discussed below. Finally, our system is in 3D while those
studied in M18 were 2D. Nevertheless, as we argue below our
results appear consistent with the M18 shattering model.
In Fig. 2 we show the projected, density-weighted gas tem-
perature in the same frame as panels D and E from Fig. 1.
A planar accretion shock around the sheet, triggered by the
earlier collision, is clearly visible in the edge-on view, as are
spherical accretion shocks around the two main halos. In the
face-on view, the filaments appear cold, with T ∼ 2× 104 K,
while the regions between filaments exhibit a multiphase
structure, with hot and cold regions coexisting in a granular
structure similar to that seen in the column density (Fig. 1).
In the right-hand panel of Fig. 2, we show the projected met-
alicity in the face-on view of the sheet at z ∼ 4. While the
filaments are enriched to Z >∼ 10−2Z, consistent with pre-
vious studies (van de Voort & Schaye 2012; Ceverino et al.
2015; Mandelker et al. 2018), the regions in between the fila-
ments retain near-pristine compositions with Z< 10−3Z, due
to their large distance from any star-forming galaxies.
Fig. 3 shows the distribution of gas within region F from
Fig. 1 in density-temperature space, weighted by mass (left)
and by volume (middle). The post-shock gas has roughly con-
stant pressure, Pth ∼ 50 K cm−3, roughly the ram pressure of
the infalling gas which has a density of ∼ 4× 10−29g cm−3
and a velocity of ∼ 200kms−1. Two phases in approximate
pressure equilibrium are apparent, with most of the mass
at (nH,T ) ∼ (10−3 cm−3,104.5 K), and most of the volume at
∼ (10−4.5 cm−3,106 K). In the right panel we show the cool-
ing length, lcool = cstcool, for gas undergoing net cooling. The
post-shock gas, which has a temperature of T ∼ 2×105 K, has
a cooling length of lcool ∼ 10kpc, while the cold phase along
the same isobar has lcool ∼ 1kpc.
In Fig. 4 we show the hydrogen density in a slice through
the sheet-midplane in region F from Fig. 1. On the left we
show our highest resolution simulation, while on the right we
show a simulation with similar resolution to TNG100. In the
former, the typical (minimal) cell size within this region is
∆ ∼ 0.8 (0.3)kpc, significantly smaller than the post-shock
cooling length and comparable to the cooling length in the
dense phase. We are thus able to resolve the onset of shat-
tering into dense ∼ kpc scale cloudlets (M18), resulting in
the large neutral column densities seen in Fig. 1. However,
since the minimal cooling length is only marginally resolved,
the end result is not converged and the actual cloudlets are ex-
pected to be smaller. On the other hand, in the simulation with
TNG100 resolution, the typical (minimal) cell size within this
region is ∆ ∼ 4.0 (2.5)kpc. The initial phases of the shatter-
ing are thus unresolved, and no dense cloudlets are formed.
We note that the thermal Jeans length in the cold phase is
LJ = [9c2s/(4piGρ)]
1/2 ∼ 30kpc, significantly larger than the
cooling length, the cloud sizes, and the typical cell size. This
implies that the clouds are not the result of gravitational insta-
bility in the sheet, and supports our hypothesis that they result
from thermal instabilities and shattering.
In Fig. 5 we show the covering fraction of neutral hydrogen
as a function of NHI, in the two simulations shown in Fig. 4.
We show results at z∼ 5, 4, and 3, corresponding respectively
to regions C, F, and I in Fig. 1. In order to focus on gas with
primordial composition that condenses due to thermal insta-
bilities rather than fluctuations in the underlying dark matter
distribution as is often assumed in studies of the LyAF, when
evaluating NHI we ignore all cells with metalicity Z > 10−4Z
and with a dark matter density greater than 5 times the Univer-
sal mean at the relevant redshift. At all redshifts, the covering
fraction of LLSs is significantly larger in our high resolution
simulation than in the simulation with TNG100 resolution. As
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discussed above, this is because the latter does not resolve the
initial shattering of the post-shock medium within the sheet.
At z <∼ 4 we find covering fractions of order∼ 1% for pristine
LLSs. At z∼ 5 the covering fraction is ∼ 35%. We find com-
parable covering fractions in other sheet regions that do not
intersect any filaments or massive halos. Our results are qual-
itatively similar using metalicity thresholds as large as 0.1Z
and dark matter overdensity thresholds in the range 2.5−10.
A detailed convergence study of the covering fraction of
neutral hydrogen in the IGM in our five simulations with
varying resolutions, accounting for different viewing angles
through the sheet, will be presented in an upcoming study
(Mandelker et al. in prep.). Here, we wish to highlight in
Fig. 5 the fact that metal-free LLSs in the IGM occur natu-
rally in our simulations with sufficient resolution, with non-
negligible covering fractions. Furthermore, it is interesting to
note the decline in the covering fraction of dense clouds with
redshift, by a factor of >∼ 70 from z ∼ 5 when the clouds are
formed following the sheet collision, to z ∼ 3. This decline
may be caused by cosmic expansion, which causes the pres-
sure in the sheet to decline by a factor of >∼ 5 from z = (5−3),
in rough agreement with the naive scaling of P ∝ (1 + z)5 in
the IGM. As the cold clouds all have approximately the same
temperature, the typical cloud density declines by a similar
factor, causing the neutral fraction to decline by an even larger
factor. Alternatively, cold clouds moving rapidly through a
hot medium are expected to be disrupted on a cloud-crushing
timescale, tcc = 2Rclv−1cl δ
1/2, where Rcl is the cloud radius,
vcl its velocity, and δ is the density ratio between the cloud
and the background (e.g. Agertz et al. 2007). In our case,
Rcl ∼ 2kpc, vcl ∼ 50kms−1 comparable to the sound speed
in the post-shock medium, and δ ∼ 30 (Fig. 3). This yields
tcc ∼ 0.2Gyr, while the time between z = (5 − 3) is ∼ 1Gyr.
This would imply that clouds are continuously created during
this period, presumably due to turbulence in the sheet.
4. DISCUSSION AND CONCLUSIONS
We have presented a new cosmological simulation which
zooms in on two massive, ∼ 5×1012 M halos connected by
a Mpc-scale cosmic filament at z ∼ 2. This large zoom-in
region enables us to resolve the IGM, far from any massive
halo, at unprecedented resolution. The simulation reveals the
growth of the large scale structure and the cosmic web around
our system. Two inclined cosmic sheets collide at z ∼ 5 to
produce a single massive sheet containing numerous dense
filaments along which nearly all halos with Mv > 109M lie.
Following a major merger of one of our two main halos at
z <∼ 3, the filaments merge leaving a single massive filament.
The sheet collision at z ∼ 5 triggers a strong shock within
the resulting sheet, heating the gas to T ∼ 2× 105 K with
its pressure fixed by the ram pressure of infalling gas at
P ∼ 50Kcm−3. Due to thermal instability, this gas then
separates into a volume-filling and a mass-dominating phase
with (nH,T )∼ (10−4.5 cm−3,106 K) and (10−3 cm−3,104.5 K) re-
spectively. The cold phase is produced by shattering of the
sheet into cloudlets with sizes comparable to the local cooling
length, lcool = cstcool (McCourt et al. 2018). In the post-shock
gas, lcool ∼ 10kpc and the typical cell size in our high reso-
lution simulation is 800pc. We thus resolve the shattering of
the sheet into kpc-scale fragments. While this is comparable
to lcool in the cold phase, we caution that the cloud sizes are
likely influenced by our numerical resolution. These dense
cloudlets result in high-column densities of neutral hydrogen
in regions of the sheet which do not intersect any filaments
or contain any halos with Mv > 109M. In particular, the
covering fraction of pristine LLSs, with NHI > 1017.2 cm−2,
Z < 10−4Z, and dark matter density less than 5 times the
universal mean, is ∼ 1% at z ∼ 3 and 4 and ∼ 35% at z ∼ 5
when the sheet is viewed close to face-on. Whether individual
cloudlets can be observationally disentangled from each other
or from the filaments if the sheet were viewed close to edge-
on, and whether such viewing angles might yield metal-free
Damped Lyman-α Absorbers (DLAs, NHI > 1020.3 cm−2) will
be presented in an upcoming paper (Mandelker et al. in prep.).
Preliminary results suggest that the latter seems unlikely.
The large distance of these clouds from any massive
galaxy implies that this result is likely robust to the adopted
galaxy formation sub-grid physics. The production of metal-
free LLSs, as recently observed by Fumagalli, O’Meara &
Prochaska (2011); Crighton, O’Meara & Murphy (2016);
Robert et al. (2019), thus seems to occur naturally in the IGM
due to thermal instabilities induced by the growth of large-
scale structure. This supports speculations that a growing
fraction of LLSs at z> 3 can be found in the IGM rather than
the CGM around galaxies.
In simulations with resolution comparable to the Illustris
TNG100 simulation, the typical cell size in the sheet regions
is∼ 4kpc. Therefore, the cooling length in the post-shock gas
is only marginally resolved, and the shattering process does
not take place. As a result, the covering fraction of pristine
LLSs is greatly reduced at z∼ 5 and is <∼ 10−4 at z <∼ 4. This
highlights the importance of achieving high-resolution in the
IGM, even well outside the CGM of any galaxy.
Another potential application of our results is with regard to
the LyAF, and its relation to the underlying dark matter den-
sity distribution. The LyAF can be used to probe the mildly
nonlinear matter power spectrum, down to scales of < 1 co-
moving Mpc. At z ∼ 4− 6, where the physical scales probed
are several tens of kpc, the power at these small scales has
been used to rule out various warm dark matter (WDM) mod-
els (e.g. Viel et al. 2013, and references therein), as a too light
WDM particle would suppress power on these small scales
compared to observations. These studies are often calibrated
against cosmological simulations which have much lower res-
olution in the IGM than the simulations in this work. How-
ever, thermal instabilities such as those identified in this work
may lead to excess power in the LyAF on scales of tens of
kpc, corresponding to the cooling length of post-shock gas
in cosmic sheets (Fig. 3), which is not associated with the
underlying dark matter distribution. This may influence the
constraints on WDM models from simulations which do not
resolve the shattering. In addition to WDM constraints, our
results may influence constraints on the temperature and the
optical depth of the IGM at high redshift, which are also based
on analysis of the LyAF (e.g. Viel et al. 2013; Lidz & Malloy
2014; Eilers, Davies & Hennawi 2018).
While the results presented in this paper are likely robust
to the galaxy formation sub-grid physics, we caution against
drawing too broad conclusions from the single system simu-
lated in this study. In particular, it is currently unclear whether
the shattering process discussed here requires a violent colli-
sion between sheets, or whether smooth accretion would have
the same effect. It is also currently unknown how frequent
such collisions between sheets are. Therefore, we cannot con-
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fidently extrapolate from the results presented here to the ac-
tual number density of metal-free LLSs in the IGM produced
by shattering of cosmic sheets. Future simulations which em-
ploy similar methods of enhancing the resolution in the IGM
will help to shed light on this problem.
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